Abstract Six males in a Chinese family affected by congenital cataracts, cerebellar ataxia, short stature, and mental retardation, which were tentatively named CASM syndrome. Eight female carriers in the family had cataracts alone. Linkage analysis demonstrated that the disease is transmitted through X-linked inheritance, either by setting the syndrome in males as an X-linked recessive trait, or by setting cataracts in the family as an X-linked dominant trait. The gene responsible for the syndrome is mapped to XpterXq13.1, with the highest lod score of 3.91 for DXS1226, DXS991, and DXS1213 at h = 0. Haplotype analysis identified that the allele harboring the disease gene cosegregated with all female carriers as well as affected males in the family. Clinically and genetically, the disease in this family is different from any known disease. Major features of CASM syndrome that distinguish it from other diseases are X-linked inheritance and cataracts in carrier females.
Introduction
As part of our ongoing projects to identify genes for genetic eye diseases, a Chinese family containing 6 males affected by congenital cataracts, cerebellar ataxia, short stature, and mental retardation was investigated. Carrier females show only cataracts without the other signs seen in the affected males. Linkage analysis provided strong evidence localizing the disease locus to the X-chromosome. Clinical manifestation and linkage results indicate that the disease in this family represents a new syndrome, tentatively named the CASM syndrome.
Cataracts, ataxia, mental retardation, and short stature have been documented as being the common features in several hereditary diseases including the Marinesco-Sjö gren syndrome (MSS, OMIM 248800), congenital cataracts with facial dysmorphism and neuropathy (CCFDN, OMIM 604168), cataract-ataxia-deafness-retardation syndrome (OMIM 212710), and stomatin-deficient cryohydrocytosis with neurologic defects (OMIM 608885). These diseases are either inherited as an autosomal recessive trait (Begeer et al. 1991; Lagier-Tourenne et al. 2002 Merlini et al. 2002) or reported as sporadic cases (Fricke et al. Xiangming Guo, Huangxuan Shen, Xueshan Xiao, Qilin Dai, Fielding Hejtmancik, and Qingjiong Zhang contributed equally to this work 2004). Genes responsible for MSS and CCFDN have recently been identified (Anttonen et al. 2005; Senderek et al. 2005; Varon et al. 2003) . Genetically and clinically, the disease in the Chinese family is distinct, and is unlikely to be one of the diseases mentioned above.
Subjects and methods

Family and clinical data
The family described here was ascertained as being from central China (Fig. 1) . Twenty-three individuals participated in the study. Informed consent conforming to the tenets of the Declaration of Helsinki and following the Guidance of Sample Collection of Human Genetic Diseases (863-Plan) by the Ministry of Public Health of China was obtained from the participating individuals or their guardians prior to the study. Ocular examinations were performed by an ophthalmologist (Prof. Guo) and neurological evaluations were performed by a neurologist (Prof. Dai). Genomic DNA was prepared from venous blood.
Genotyping and linkage analysis
Genotyping and linkage analysis were carried out as previously described (Guo et al. 2006) . The full CASM syndrome in this family was analyzed as an X-linked recessive trait, with full penetrance and a disease-gene allele frequency of 0.0001. In order to test if the disease in this family can stand well as an X-linked trait, cataracts in carrier females as well as affected males were also analyzed as an X-linked dominant trait. Markers allele frequencies were arbitrarily assumed to be equal for the initial scan and were calculated from 23 unrelated individuals for markers in the linked region.
Results
CASM syndrome phenotype in affected males
Six males in the family were born with poor visual acuity and were unable to walk by themselves, except 1, IV-13, who could walk after cataract surgery at 7 years of age (Fig. 1a, Table 1 ). They all showed delayed development of speech and language. So far, none of them has married. Two of the 6, III-1 and III-2, showed the same signs and symptoms as III-3, according to interviews with the family, and died at 14 and 16 years of age respectively. The other 4, III-3, III-8, IV-1, and IV-13, underwent physical examinations including ophthalmological and neurological evaluations. They were much shorter in stature compared with unaffected siblings or parents (Fig. 1b , Table 1) as well as being below 95% of the average stature according to age in the Chinese population (Zhu et al. 1994) . Hair and skin were normal. Dental changes of screwdriver incisors were not observed in affected males (Fig. 1b) . They did not have difficulty in breathing.
Ophthalmological examination revealed normal cornea, anterior chamber, and iris. The pupillary light reflex was present and total lens opacities were observed in all 4 affected males. Normal fundus appearance was observed in 1 affected male, IV-13, who had undergone cataract surgery at 7 years of age. Visual acuity for all affected individuals could not be measured accurately as the affected males had comprehension and communication difficulties due to mental and linguistic hindrance. Therefore, the visual acuity for all 4 affected males listed in Table 1 is just approximate.
Neurological evaluation of the 4 affected males revealed mild to moderate mental retardation as measured on the Epstein and Wechsler scales (Epstein and Sharma 1998; Wechsler 1974) , muscle hypotonia, muscle weakness, dysarthria, and postural tremor. Their stances were broad based with the feet several inches apart. They had difficulty standing with their feet together and were unable to sit or stand without support (astasia). Individuals III-3, III-8, and IV-1 had been unable to walk without assistance since birth, but they could walk a few steps with the help of other people, displaying a wide-based and staggering gait.
IV-13 had better visual acuity after cataract surgery and therefore was available for more detailed neurological evaluation. Apart from the common neurological findings above, he could walk by himself with a wide-based staggering gait and taking a zigzag course. He was positive for the finger-nose test, finger-chase test, and heel-kneel-shin test. Romberg sign was positive with his eyes opened or closed. He showed dysarthric speech. The wide-based staggering gait, positive finger-nose test, positive heel-kneel-shin test, and dysarthric speech found on examination were typical of cerebellar ataxia.
Phenotype in female carriers
Eight females in the family experienced blurred vision starting from early childhood to teenage (Table 1) . It is not clear if the female in the first generation (indi-vidual I-2) had blurred vision. Seven of the 8 females, II-4, III-5, III-13, III-16, IV-9, IV-10, and IV-12, received ocular examination and the other 1 (II-1) was deceased. Six individuals (III-5, III-13, III-16, IV-9, IV-10, and IV-12) showed either cortical punctate and pulverulent opacities (Fig. 1b) and posterior subcapsular opacities of the lens or had undergone cataract surgery because of congenital cataracts. Individual II-4 had cortical and posterior subcapsular lens opacities in the right eye and a total lens opacity in the left eye at age of 71 years of age. The cornea, anterior chamber, iris, and pupils were normal in all 7 carriers with cataracts. Ophthalmoscopic observation showed a normal fundus in all 7 carriers whose fundus was visible. All affected females had normal gait and muscle strength. Their stature was normal compared with local control population. Mental retardation was not observed in these carriers. Linkage study
The pedigree is consistent with an X-linked trait partially penetrant in female carriers (Fig. 1) . After a complete scan of the X chromosome, the CASM syndrome was mapped to Xpter-q13.1, with maximum lod score of 3.91 for DXS1226, DXS991 and DXS1213 at h = 0 (Table 2 ). All 11 markers inside the linked region gave positive lod scores. To test if the disease in the family can stand well as an X-linked trait, cataracts in carrier females as well as affected males in the family were analyzed as an X-linked dominant trait. Linkage analysis mapped cataract to Xpter-q13.1 (Table 2) , with the highest lod score of 6.32 for DXS1226 at h = 0. Similarly, all 11 markers inside the linked region gave positive lod scores. The highest lod score obtained analyzed either under an X-linked recessive mode or under an X-linked dominant mode, reached the theoretical maximum lod score that could be generated in this type of family. Examination of haplotypes in this family showed the disease allele co-segregated with all female carriers as well as affected males in the family (Fig. 1) . Recombination at DXS8052 for individual IV-1 and further recombination at DXS986 for individual IV-13 set the telomeric boundary of the linked region on Xq. The whole short arm was included in the linked region because recombination was not observed. Congenital cataracts when analyzed alone as an X-linked dominant trait in the family co-segregated identically with the entire CASM syndrome analyzed as an X-linked recessive trait. Both lod scores and haplotypes convincingly demonstrated that the CASM in this family is transmitted as an X-linked recessive mode. Having a lod score of 6.23 for X chromosome markers as well as co-segregation of disease with Xpter-q13.1, the chance of an autosomal dominant sex-limited trait should be very low, as opposed to an a priori likelihood of more than 10 6 of being X-linked (Lander and Kruglyak 1995; Terwilliger and Ott 1994) . Mitochondrial DNA inheritance is also unlikely as no offspring of several obligate mtDNA carriers (II-5, II-7, II-9, III-10) had the disease.
Discussion
In this study, a new syndrome presenting with congenital cataracts (whole lens opacities), cerebellar ataxia, short stature, and mental retardation is described in a Chinese family. This syndrome was present in 6 males in the family. Eight female carriers only had cataracts (partial lens opacities). Linkage analysis not only demonstrated X-linked recessive transmission of the syndrome, but also mapped the disease loci to Xpter-q13.1. Major features of the CASM syndrome that distinguish it from other diseases (with cataracts, ataxia, short stature, and mental retardation) are X-linked recessive inheritance of the full trait and congenital cataracts in carrier females. More detailed clinical data, such as brain CT scans and muscle biopsy, would be desirable, but were not available.
The X-linked recessive CASM syndrome described here is different from other known diseases mapped to Xpter-q13.1. In this region, X-linked dominant cataract was reported in Nance-Horan syndrome (NHS; Burdon et al. 2003) , oculofaciocardiodental syndrome (OFCD; Ng et al. 2004) , and X-linked dominant chondrodysplasia punctata 2 (CDPX2; Derry et al. 1999) . Cerebellar ataxia has not been observed in these three diseases. In addition, individuals with these syndromes show other typical phenotypes that are not present in the Chinese family with the CASM syndrome. In NHS, affected males and carrier females have teeth changes similar to screwdriver incisors (Burdon et al. 2003) , which are not observed in the CASM syndrome. Short stature was not reported in NHS. For OFCD syndrome, females usually manifest congenital cataract, microphthalmia, facial abnormalities, cardiac anomalies, and dental abnormalities. The disease may be lethal in males, as it has not been observed in any males (Gorlin et al. 1996) . Most CDPX2 patients are female, as it may be lethal for hemizygous males. Other signs seen in females with CDPX2, such as skin defects, hyperkeratosis, coarse lusterless hair and alopecia, and craniofacial defects (Derry et al. 1999) , were not observed in carrier females of the Chinese family with CASM syndrome. Patients with CCT do not have other symptoms seen in the CASM syndrome except for cataracts.
X-linked mental retardation and short stature have been reported to be associated with a large number of gene variations (Chelly and Mandel 2001) , but none has been reported to be associated with cataract and cerebellar ataxia.
In summary, an X-linked recessive CASM syndrome was identified in a Chinese family and was mapped to Xpter-q13.1 with the highest lod score of 3.91 at h = 0. When cataracts alone were analyzed as an X-linked dominant trait, a lod score of 6.32 was obtained. Recruitment of additional families to narrow down the linked region will accelerate identification of the causative gene. 
